A new structure model of Au4Mg is proposed for the long-period superstructure which exists in the Au-Mg alloys with 16-22 at.% Mg at 570-470 K and gives electron diffraction patterns of the two-dimensional antiphase structure of Cu3Pd-type (2d-Cu3Pd), with the aid of high-resolution structure images taken with the 1000 kV electron microscope. The superlattice has monoclinic symmetry with the space group P21/m (No. 11), and the lattice parameters are A = 5a, B=b, C = 4c and/~ = 90 °, where a( = b) and c(~-a) are those of the fundamental face-centred cell. The structure can be described as the two-dimensional antiphase structure having the first-and second-kind boundaries parallel to (001) and (100), respectively, and the domain size of 2.5a × b x 2c. Nearest-neighbour Mg atom pairs are not formed across the second-kind boundaries in this structure, in contrast with the ideal 2d-Cu 3 Pd-type structure.
Introduction
Several different superstructures have been reported to exist in the composition range of 20-30 at.% Mg of the Au-Mg system, i.e. a D023-type structure, a series of structures, 4H, 7R and 10H, with long-period stacking order derived from the DOz3 type and a complex structure, Au77Mg23 , with hexagonal symmetry (Sato & Toth, 1968) . Recently, two new long-period structures were found to exist. One is a structure called 'x' existing in the range of 18-22 at.~ Mg at 570-670 K (Terasaki & Watanabe, 1979) , and the structure model Au3oMg 8 with monoclinic symmetry, which can be described as a two-dimensional antiphase structure (2d-APS) based on the L12, has been proposed on the basis of high-resolution electron microscope images taken with the dark-field technique (Sande, Van Tendeloo, Amelinckx & Airo, 1979) field technique . The other is also a 2d-APS existing in the composition range of 16-22 at.?/o Mg at 470-570 K (Airo, 1978; Terasaki & Watanabe, 1979) . The single-crystal electron diffraction patterns resemble those expected from the 2d-APS of Cu3Pd type.
The Cu3Pd-type 2d-APS was first observed in the Cu3Pd (~") with 25-5-29 at.?/o Pd (Watanabe, Hirabayashi & Ogawa, 1955; Schubert, Kiefer, Wilkens & Haufler, 1955; Watanabe & Ogawa, 1956; Hirabayashi & Ogawa, 1957) . The structure is composed of four kinds of antiphase domain with the L12-type structure, the antiphase boundaries being characterized by the antiphase vector of the first kind, +(a _+ b)/2, for the alignment along the z direction and by the vector of the second kind, _+(a _+ c)/2, along the x direction. There are two types of the second-kind antiphase boundary. Type 1 is characterized by the subtraction of an atom plane of the major component, forming the nearest-neighbour like-atom pairs of the minor component across the boundary, whereas an extra atom plane of the major component is interpolated at the type-2 boundary. Antiphase vectors of types 1 and 2 are (-a +_c)/2 and (a + c)/2, respectively. In the ideal Cu3Pd, composition of the structure is conserved to A3B by the alternate occurrence of these two types of second-kind boundaries.
In the Cu3Pd-type 2d-APS of the present system, however, there is no necessity to conserve the composition to Au3Mg , since the structure appears in the alloys with less than 22 at.~ Mg. A model in which excess Au atoms replace Mg atoms statistically throughout the unit cell or preferentially at the second-kind boundaries will explain the observed diffraction patterns. Another model in which all the second-kind boundaries are of the type 2 may also be possible. However, it is difficult to distinguish these models by the electron diffraction study.
The present study was undertaken for the purpose of making clear the Cu3Pd-type 2d-APS with the aid of high-resolution structure images taken with a high-voltage electron microscope. A new structure model of Au4Mg is proposed for the 2d-APS in the present paper.
Experimental
Specimen preparation has already been described in a previous report (Terasaki & Watanabe, 1979) . Mg contents of the specimens were determined by atomic absorption spectrochemical analysis. Thin foils for electron microscopy were obtained by jet electropolishing, using a solution of 30 ml H2504, 30 ml HC1 and 500 ml distilled water (Wolf, 1977) , after proper heat treatment for ordering. High-resolution images were taken with the Tohoku University 1000kV electron microscope (JEM-1000 type) having the theoretical resolution of 1.9A, under (001) axial illumination. The objective aperture of 100 lam diameter was used, which allowed the beams up to four 220 fundamental spots to pass through. Direct magnification was 3 x 105 and exposure time was about 10 s. (a) 
Results

Results from electron diffraction
Diffraction patterns of the 2d-APS were observed from the 16.1 at.~o Mg alloy annealed at 470 and 570 K and from the 18.4, 20-2 and 21-9 at.~o Mg alloys annealed at 470 K. Fig. 1 shows examples of selectedarea diffraction patterns obtained from the 16.1 at.~o Mg alloy annealed at 570 K for 28 d. (a), (b) and (c) correspond to the intensity distributions on the (010), (001) and (100) reciprocal-lattice sections, respectively, and (d) is a schematic illustration of (a).
Most of the superlattice spots are interpreted by the Cu3Pd-type 2d-APS. However, some of them cannot be explained, unless a multiple diffraction effect or periodic lattice modulation associated with the antiphase structure is assumed (Watanabe & Ogawa, 1956) . For example, the spots assigned the numbers 1 and 2 and their higher-order spots in Fig. l(d) , which have the lattice spacings corresponding to the antiphase domain sizes along the [100] and [001] directions, respectively, cannot be expected from the ideal structure model of the Cu3Pd-type 2d-APS. When the crystal is rotated on the [100] or [001] axis, these spots weaken but do not disappear. This fact shows that part of the intensity is caused by multiple diffraction but the rest is due to some periodic lattice modulation. It has been shown by X-ray structure analysis that the density modulation is produced along the [100] direction in the Au3÷Zn alloy with the Cu3Pd-type 2d-APS so as to accommodate the deviation from stoichiometric composition (Iwasaki, 1962) . The origin of the spot 1 and its higher-order spots may be explained by this effect in the present case too. However, it seems difficult to apply this Antiphase domain sizes defined in the Cu3Pd-type 2d-APS, Mla and M3c , measured on the electron diffraction patterns are plotted against composition in Fig. 2 . It is seen from the positions of higher-order superlattice spots on the diffraction patterns that the fundamental face-centred cell is distorted slightly to tetragonal with c/a > 1. However, the c/a value was so close to 1-0 that it could not be measured accurately.
The a values were' measured to be 4-074 ,~ for 16.1 and 18-4 at.~o Mg and 4.072/~ for 20.2 and 21.9 at.~o Mg by X-ray powder diffraction.
The experimental value of M1 is fixed to about 2-5 independently of Mg content, but the value M 3 changes continuously. The composition dependence of M 3 can be compared with the following relation based on the concept of the stabilization of longperiod superlattice at the Brillouin zone boundary (Sato & Toth, 1961) :
where (e/a) is the number of free electrons per atom and t the truncation factor for the Fermi surface. This relationship explains well the experimental results, if the number of electrons is assumed to be 1 for Au and 2 for Mg and t is taken to be 0.958, as shown by the solid curve in Fig. 2 .
study. Fig. 3 shows an example of high-resolution images taken with the [010] incidence. The corresponding diffraction pattern is Fig. l(a) . An optical diffraction pattern obtained from the image shows that resolution of 2-5/~ has been attained. The image consists mainly of the square-shaped domains containing 2 × 2 bright dots with the separation of 4.1 A, which corresponds to a unit-cell size of the fundamental structure. The dots similar to these have also been observed in the high-resolution images of the 2d-APS based on the Au4Mn superlattice in the Au-Mn system, and it has been confirmed by the computer simulation that they correspond to the positions of Mn atoms projected along the beam direction Terasaki et al., 1980) . Taking these facts into account, the bright dots are assumed to correspond to the positions of Mg atoms in the present analysis. The validity of this assumption is confirmed by the calculations based on many-beam dynamical-diffraction theory, as will be described later.
High-resolution images and structure model
Contrary to the case of 16.1 at.~ Mg alloy annealed at 570 K, the crystal regions having a single domain orientation were very small in the alloys annealed at 470 K, because of the low ordering temperature, and the diffraction patterns of different orientation variants could not be separated by the selected-area diffraction. Therefore, the 16.1 at.~ Mg alloy annealed at 570 K was chosen for the electron microscopic 
Jh _ " ~ • ing 2 × 2 dots, as shown in Fig. 6(a) , where thin lines indicate the fundamental unit cell and thick lines the superlattice unit cell. Au and Mg atoms are shown by open and solid circles, and large and small circles are at two different levels, y = 1/4 and y = 3/4, respectively. The superlattice has monoclinic symmetry with the space group P21/m (No. 11) , and the unit cell is 20 times as large as the fundamental cell, i.e. A = 5a, B = b,  C=4c and fl=90 °, and contains 64Au and 16 Mg atoms. The structure can be described as a 2d-APS having the first-and second-kind boundaries parallel to (001) and (100), as indicated by dashed lines and dotted lines in Fig. 6(a) . The domain size is M~a × b × M3c=2.5a × b × 2c. It is remarkable that the second-kind boundaries are of the type 2, in contrast with the ideal Cu3Pd-type 2d-APS; the antiphase vectors of (a +c)/2 and (a-e)/2 are operative alternately at the domain boundaries.
The present model can also be derived from the Cu3Pd-type model in the following way. If the M 1 value is close to 2.5, as in the present case, the Cu3Pdtype 2d-APS must be composed mostly of a regular | -,,':
• "-.'., . 4. (a) Enlarged image of the region ,4 of Fig. 3. (b) Schematic drawing of (a). Fujiwara (1957) . If Mg atoms on the boundaries indicated by arrows are replaced preferentially by the excess Au atoms, the structure model shown in Fig. 6(a) results. Relative intensity distribution in reciprocal space calculated kinematically from the model (Fig. 6a ) is shown schematically in Fig. 7 . Agreement between observation and calculation is generally good; appearance of the reflections H00 and H08 (H =even)* which correspond to the spot 1 and its higher-order reflections in Fig. l(d) , is explained by the present model, reflecting the fact that a density modulation exists in the [100] direction. However, the observed intensity of the spot 1 is still stronger than the calculated intensity, and the spots shown by open circles in Fig. l(d) , including the spot 2, are not explained.
In order to examine whether the agreement between * Indices HKL refer to the superlattice. Fig. 6(a) .
observation and calculation is improved further or not when dynamical interaction is taken into account, amplitudes of some fundamental and superlattice reflections were calculated dynamically as a function of specimen thickness by the multislice method. The results are shown in Fig. 8 . It is seen that half of the effective extinction distance for the fundamental reflections is about 200 A. Amplitudes of the superlattice reflections 104 and 401 increase up to the thickness of about 200 A with small oscillation and then decrease; i.e. relative intensities of the superlattice reflections are given almost kinematically up to this thickness. On the other hand, amplitude of the 200 reflection, which corresponds to the spot 1, increases strongly with thickness and amounts to the same order of magnitude as that of the fundamental reflections at the thicknesses more than about 300 A. However, amplitude of the 002 reflection, which corresponds to the spot 2 and is kinematically forbidden in the model shown in Fig. 6(a) , is negligibly small in this thickness range. This implies that intensities of the spots concerned are strongly enhanced by the dynamical interaction when they are allowed kinematically.
With the amplitudes and phases obtained dynami- cally, calculation of the images was made for different crystal thicknesses as a function of the defocus value, Af Figs. 9(a) and (b) are the images calculated for the structure models shown in Figs. 6(a) and (b), respectively, at the thickness of 160 A and A f=900 A.
The assumption that the bright dots in the image correspond to the positions of Mg atoms has now been justified. Furthermore, the calculation shows that the nearest-neighbour Mg-Mg pairs can be resolved as two separate dots under the present experimental conditions and therefore the two struc-i~iiii"i!~!!'~ii :~iiiiiiili"i!!i~i!ii"!~"ii"iiiiiiiii,~i~ i~iiii~i~i~i,.' .;;:::i~it :~i;iii~ii~iiii~iiiii~;::;r¢::ril.-". ~,,,,,,,,,,,,,,,,,,,  ,,.,1, ,.,,.,,.,,,,.,,,,,n,,..l,l,,. .,,, , ;
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Discussion
It seems reasonable that the idealized model has the composition of 20 at.°o Mg, because this type of structure appears in the composition range of 16-22 at.°,, Mg. It is interesting particularly that the M 3 values of the 20.2 and 21.9 at.°o Mg alloys are very close to the ideal value, 2.0, as can be seen in Fig. 2 estimation is very crude, it may be said that about a half or more of the Mg atoms are replaced by Au atoms along the columns corresponding to the dots with low contrast. It is to be noted that such dots are concentrated mostly on the domain boundaries, especially on the boundaries of 2 × 3 domains, meaning the existence of density modulation along the [001] direction as well, and that these 2 x 3 domains are not neighbours. One of the possible models exhibiting these features is shown in Fig. 10(a) , where M 1 and M 3 correspond to 2.5 and 2.33, respectively. The composition of Mg is reduced from 20 at.% to 16 at.~ by introducing a single sinusoidal modulation with the period M 3 along the [001] direction. Relative intensity distribution calculated kinematically from this model is shown in Fig. 10(b) . Agreement between observation and calculation is improved greatly; appearance of the spot 2 and some of the spots shown by open circles in Fig. l(d) is now explained. If the higher-order modulations are included, then all the spots will be explained. Enhancement of the intensity of the spot 2 is expected by dynamical interaction, as in the case of the spot 1 (Fig. 8) .
Along the second-kind boundaries, pairs of dots with the nearest-neighbour distance 2.9 A are seen at the places where the domains with M~ = 3 are neighbours. However, this does not necessarily mean the existence of the nearest-neighbour Mg-Mg pairs at the boundaries, because the columns are occupied by Mg atoms only partially.
In conclusion, the structure model proposed in the present study seems to be more reasonable than the ideal Cu3Pd-type 2d-APS model, because it explains the experimental observations by electron diffraction and electron microscopy quite well. The structural relation between the present 2d-APS and another 2d-APS of Au30Mg s existing at higher temperatures will be discussed in a forthcoming paper.
